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I t  has been known f o r  a long t i m e  t h a t  carbon s u r f a c e s  which have been exposed 
t o  even mild o x i d a t i o n ,  become covered t o  a g r e a t e r  or l e s s e r  e x t e n t  by chemica l ly  
bonded oxide groups. Depending on t h e  t empera tu re  a t  which the  o x i d a t i o n  i s  
c a r r i e d  o u t ,  t h e  carbon s u r f a c e  can  e x h i b i t  e i t h e r  a c i d i c  or b a s i c  
c h a r a c t e r i s t i c s .  I t  i s  l i k e l y  t h a t  t h e  s u r f a c e  b a s i s i t y  developed on h i g h  
temperature  o x i d a t i o n  i s  r e l a t e d  to  u n s a t u r a t e d  "cen t r e s"  produced by t h e  thermal  
removal of oxides .  These oxide s t r u c t u r e s  a r e  the rma l ly  uns t ab le  and may be 
d e t e c t e d  by t h e  method exempl i f i ed  by F ig .  1.  I n  t h i s  f i g u r e  t h e  d i f f e r e n t i a l  
amount of C q  and CO desorbed per  gram of Spheron 6 a r e  shown a s  a funct ioi i  of 
temperature .  The oxide s t r u c t u r e s  which produce COz are less s t a b l e  t h a n  t h e  
s t r u c t u r e s  which produce CO. S i m i l a r  r e s u l t s  have been ob ta ined  f o r  o t h e r  
carbons.  

Those ox ides  which a r e  a c i d i c  can n e u t r a l i z e  aqueous or e t h a n o l i c  bases .  I n  
F ig .  2 i s  shown t h e  dec rease  i n  t h e  s u r f a c e  a c i d i t y  of Speron 6 wi th  i n c r e a s i n g  
thermal  d e s t r u c t i o n  of t h e  s u r f a c e  ox ides .  I t  is appa ren t  t h a t  a c i d i c  groups of 
d i f f e r e n t  s t r e n g t h s  a r e  p re sen t .  However, a f t e r  t r ea tmen t  a t  800°C i t  appea r s  t h a t  
a l l  a c i d i c  s u r f a c e  ox ide  has  been removed. The t empera tu re  i n t e r v a l  o v e r  which t h e  
drop i n  a c i d i t y  occur s  is t h e  same i n t e r v a l  over  which C q  i s  desorbed. WDen t h e  
CO e v o l u t i o n  has reached a maximum, however, t h e  a c i d i t y  has a lmost  d i sappea red .  
The CO producing ox ide  s t r u c t u r e s  c o n t r i b u t e  v e r y  l i t t l e  t o  the s u r f a c e  a c i d i t y .  
The r e l a t i o n s h i p  between t h e  b a s i c  up take  and t h e  amount of  C q  desorbed i s  shoxm 
i n  F ig .  3. The sodium e thox ide  d a t a  f a l l  on t w o  i n t e r s e c t i n g  s t r a i g h t  l i n e s .  The 
i n i t i a l  l i n e  corresponds t o  the  decomposi t ion of  t h e  C q  producing oxide which is 
e s s e n t i a l l y  complete a t  600'C. Th i s  l i n e  has  a s l o p e  of  two i n d i c a t i n g  t h a t  t h e  
s u r f a c e  oxide be ing  des t royed  is d i b a s i c .  The second l i n e a r  p o r t i o n  has  a s l o p e  o f  
one demonstrat ing t h a t  t h e  les the rma l ly  s t a b l e  oxide which decomposes around 250°C 
i s  monobasic. The a c i d i c  complex decomposing a t  250" i s  not n e u t r a l i z e d  by aqueous 
OH- i on  whereas the  600'C deso rb ing  s p e c i e s  is  n e u t r a l i z e d  by t h i s  base  on a one t o  
one r a t i o .  Data of  t h i s  t ype  have been r a t i o n a l i z e d  t h a t  t he  a c i d  oxide group i s  a 
l a c t o n e  or some s i m i l a r  f u n c t i o n a l  group which i s  monobasic towards aqueous OH- ion 
bu t  can be opened i n t o  a d i b a s i c  s t r u c t u r e  by t h e  s t r o n g e r  e thox ide  ion.  Such a 
s t r u c t u r e  was proposed by Gar+-n and Weiss i n  1957 i.e. 

Treatment  with s p e c i f i c  chemical  r e a g e n t s  can  a l s o  p rov ide  information about  t h e  
oxide s t r u c t u r e .  Diazomethane r e a c t s  qu ick ly  and smoothly with p ro tona ted  s i tes  
which a r e  ca rboxy la t e  i n  n a t u r e  to  produce methyl  e s t e r s .  I f  t h e  p ro tona ted  s i t e  
i s  pheno l i c  then e t h e r  l i nkages  w i l l  be formed. S ince  methyl  e s t e r s  a r e  e a s i l y  
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hydrolysed  w h i l e  methyl  e t h e r s  are r e s i s t a n t  t o  h y d r o l y s i s ,  it i s  p o s s i b l e  t o  
d i s c r i m i n a t e  between t h e  two pro ton  t y p e s .  
Spheron 6 .  
t h a t  a t  l e a s t  two g r o u p s  a r e  b e i n g  methyla ted .  
t o  twenty hours  produces a c o n s t a n t  methoxyl c o n t e n t .  
i n c r e a s e s  s lowly  and becomes c o n s t a n t  a g a i n  a t  about  120 hours .  
c o n s i s t e n t  wi th  t h e  G a r t e n  and Weiss model which i m p l i e s  the  e x i s t e n c e  of a 
t a u t e r m e r i z a t i o n  s t e p  which may be v e r y  slow and r a t e  determining.  

F ig .  4 shows d a t a  o b t a i n i n g  wi th  
It is  s e e n  t h a t  t h e  methoxyl c o n t e n t  can be decreased by h y d r o l y s i s  and 

Treatment  w i t h  diazomethane f o r  up 
A f t e r  t h i n  t i m e  m e t h y l a t i o n  

These r e s u l t s  a r e  

Carbon s u r f a c e s  may a l s o  be probed f o r  pro tona ted  s p e c i e s  by t rea tment  w i t h  
e t h e r e a l  Grignard r e a g e n t  (methylmagnesium i o d i d e ) .  
r e l e a s e d  can be measured. 

A l l  t h e  chemical  techniques  o u t l i n e d  above were used  t o  produce t h e  d a t e  of 

The gaseous hydrogen 

F i g .  5 .  There  i s ,  i n i t i a l l y ,  at  low desorb ing  tempera tures  a c o n s i d e r a b l e  
d i f f e r e n c e  between t h e  two methoxyl d e t e r m i n a t i o n s  ( i . e .  a f t e r  20 hours  and 140 
hours  methyla t ion)  b u t  t h i s  d i f f e r e n c e  becomes s m a l l e r  as degass ing  tempera ture  is 
increased .  The oxide  s t r u c t u r e  which i s  decomposed around 250'C i s  a p p a r e n t l y  not 
methyla ted  by diazomethane s i n c e  no change i n  methoxyl c o n t e n t  takes  p l a c e  over  t h e  
range  20O0-4O0'C. Also inc luded  i n  F ig .  5 a r e  t h e  v a r i a t i o n s  of " a c t i v e "  hydrogen 
c o n t e n t  measured by r e a c t i o n  w i t h  methylmagnesium i o d i d e  and t h e  uptake of aqueous 
OH- i o n .  The Grignard d a t a  f a l l  on t o p  of t h e  20 h r .  r e a c t i o n  time r e s u l t s  w h i l e  
t h e  OH- ion  uptake d a t a  f a l l  on top of t h e  140 h r .  r e s u l t s .  One mst conclude t h a t  
t h e  s low s t e p  which r e t a r d s  t h e  m e t h y l a t i o n  r e a c t i o n  is absent  dur ing  r e a c t i o n  with 
aqueous base. 

A c e r t a i n  m o u n t  of in format ion  about  t h e  I R  s p e c t r a  of carbon s u r f a c e  o,xides 
i s  a l s o  a v a i l a b l e .  I t  h a s  been shown i n  s s t u d y  t h a t  a s e r i e s  of a c t i v a t e d  
c a r b o n s ,  oxided t o  d i f f e r e n t  e x t e n t s ,  gave I R  s p e c t r a  which were q u a l i t a t i v e l y  
similar (3  d i s t i n c t  bands  i n  t h e  1800 1100 cm- r e g i o n ) .  Peak a r e a s  could be 
q u a n t i t a t i v e l y  r e l a t e d  t o  t h e  m o u n t  of o x i d a t i o n  and, i n  p a r t i c u l a r ,  h e a t  
t r e a t m e n t  st 1000°C produced a marked (a l though not  complete)  e l i m i n a t i o n  of t h e  
s p e c t r a l  f e a t u r e s .  

These chemical  s t u d i e s  and o t h e r s  l i k e  them, r e s u l t  i n  t h e  conclus ion  t h a t  t h e  
a c i d  s u r f a c e  oxides  have  a complex s t r u c t u r e  probably  i n c l u d i n g  carboxyl ,  phenol ic  
and l a c t o n i c  f e a t u r e s .  Sur face  oxides  which desorb  as CO a r e  a l s o  p r e s e n t  b u t  do 
not  c o n t r i b u t e  t o  t h e  s u r f a c e  a c i d i t y .  

Acidic  or n o t ,  a l l  t h e s e  p o s s i b l e  s t r u c t u r e s  can c o n t r i b u t e  via hydrogen 
bonding and o t h e r  h y d r a t i o n  i n t e r a c t i o n s  t o  t h e  e n e r g e t i c s  of the  r e a c t i o n  of a 
carbon s u r f a c e  w i t h  l i q u i d  and vapour w a t e r .  The measurement of t h e  e n t h a l p y  of 
immersion i s  a convenient  method f o r  t h e  i n v e s t i g a t i o n  of t h e  s t a t e  of s carbon 
s u r f a c e .  
F i g .  6 g i v e s  a , s c h e m a t i c  diagram at  a s imple ,  e a s i l y  c o n s t r u c t e d  but  e f f e c t i v e  
c a l o r i m e t e r  based on an o r i g i n a l  des ign  by Zet t lemoyer .  The tempera ture  s e n s i n g  
t h e r m i s t o r  i s  p a r t  of a Wheatstone br idge .  
f u n c t i o n  of t h e  hea t  s u p p l i e d  by a c a l i b r a t i o n  h e a t e r  g i v e s  s measure of t h e  h e a t  
c a p a c i t y  of t h e  c a l o r i m e t e r  and i t s  c o n t e n t s .  
c a r e f u l l y  i n  th in-wal led  g l a s s  b u l b s  which a r e  s e a l e d  under  vacuum. 
carbon samples are immersed i n  water  (by breaking  t h e  submerged bulb) and t h e  s l o p e  
of t h e  yst evolved 2 mass of carbon g i v e s  t h e  e n t h a l p y  of immersion 
(hi1J-g ). 
i . e .  t h e  i n t e r c e p t  on t h e  h e a t  a x i s .  

E i t h e r  commercial c a l o r i m e t e r s  or a "home-made'' ins t rument  may be used. 

The imbalance of t h e  b r i d g e  as a 

Samples of carbon a r e  outgassed  
Three  or more 

This  procedure  a u t o m a t i c a l l y  c o r r e c t s  f o r  t h e  "heat  of breaking" 
T y p i c a l  d a t a  a r e  shown i n  F ig .  7.  

The change i n  h i  i n  water  wi th  o u t g a s s i n g  tempera ture  €or g r a p h i t e  and 
Spheron 6 and g iven  i n  F i g s .  8,9. For both t h e s e  subs tances  h i  decreases  w i t h  
i n c r e a s i n g  tempera ture ,  a f t e r  an i n i t i a l  s l i g h t  i n c r e a s e  due presumably t o  t h e  
removal of adsorbed water at t h e  lower tempera tures .  On t h e  o t h e r  hand, h i  €or 
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g r a p h i t e  i n  t h e  organic  l i q u i d ,  benzene,  s t a y s  reasonably  c o n s t a n t  a s  degass ing  
tempera ture  is increased  ( F i g .  10).  I t  should be nent ioned  t h a t  t h e  BET, N2 a r e a s  
of  both of t h e s e  adsorbents  do not change a p p r e c i a b l y  with h e a t i n g ,  
v a l u e s  obta ined  r e f e r s  t o  a cons tan t  s u r f a c e  a r e a .  
i n  Water and t h e  t o t a l  amount of C@ and CO desorbed per  gram (expressed  a s  m o l e s  
O f  oxygen) i s  shown €or Spheron 6 and g r a p h i t e  i n  F i g s .  11,12. The l i n e a r  decrease  
i n d i c a t e s  e i t h e r  t h a t  t h e  energy of i n t e r a c t i o n  between t h e  two types  of s u r f a c e  
oxide ( C q  producing and CO producing)  a r e  of t h e  same magnitude or t h e  CO 
producing s i t e  has  a f a r  s t r o n g e r  i n t e r a c t i o n .  Probably it is  t h e  l a t te r  c a s e  
which o b t a i n s .  

Thus t h e  h i  
The r e l a t i o n s h i p  between h i  

Both g r a p h i t e  and Spheron 6 a r e  not h i g h l y  porous.  Act iva ted  c a r b o n s ,  on t h e  
o t h e r  hand a r e  extremely porous. F i g .  13 shows t h e  v a r i a t i o n  of h i  i n  w a t e r  w i t h  
o u t g a s s i n g  temperature  f o r  t h e  microporous carbon obta ined  by t h e  vacuum p y r o l y s i s  
of t h e  polymer, po lyvinyl idene  c h l o r i d e  (PVDC carbon) .  The s u r f a c e  oxide  on t h i s  
carbon had formed, a f t e r  c a r b o n i z a t i o n  of t h e  polymer, by s t o r a g e  in a i r  for about  
s i x  months. 
thermal ly  desorbed a s  Co;! and CO. For PVDC carbon t h e  r e l a t i o n s h i p  i s  n o t  l i n e a r  
and a very l a r g e  drop i n  h i  va lue  t a k e s  p l a c e  when t h e  i n i t i a l  amounts of oxide 
a r e  removed. It is obvious t h a t  u n l i k e  t h e  c a s e  with t h e  non-porous carbons ,  t h e r e  
i s  a s o u r c e  of i n t e r a c t i o n  w i t h  water  o t h e r  t h a n  t h e  s u r f a c e  oxides .  T h i s  s o u r c e  
must involve  t h e  pore s t r u c t u r e .  It is i n t e r e s t i n g  to compare t h e  r a t e a  of 
d e c r e a s e  of h i  with s u r f a c e  oxide removal ,  g iven  i n  Table  I. The second column 
of t h i s  t a b l e  is simply t h e  s l o p e  of t h e  l i n e a r  p o r t i o n s  of t h e  h i  vs  oxygen 
removed curves  of F igs .  11 and 12. For PVDC carbon l i n e a r i t y  is not s t r i c t l y  
fol lowed and then only  a f t e r  most of t h e  oxide  has been removed. 

F ig .  14 g i v e s  the  v a r i a t i o n  i n  h i  with t o t a l  amount of oxygen 

TABLE I 

BET 
2 -1 

Slope  h .  Oxide 

J-mol-' J-g" mmol-g-' J -g-' J-g-' m -g 

Graphi te  -10 13 .O 0.569 5.7 7 . 3  160 

h O  h O  

Spheron 6 - 9 . 2  11.6 0.703 6.5 5.1 120 

--- PVDC carbon ---- 50.2 1.45 21.7 28.5 

For g r a p h i t e  and Spheron 6 ,  where l i n e a r i t y  is  found, t h e  s l o p e  g i v e s  t h e  
water-oxide i n t e r a c t i o n  energy per mole of ox ide  s i t e .  For g r a p h i t e  and Spheron 6 ,  
t h e  product  of t h e  s l o p e  and t h e  oxygen desorbed a t  1OOO'C g i v e s  t h e  c o n t r i b u t i o n  
t o  t h e  o v e r a l l  h i  from oxide water  i n t e r a c t i o n s  (ho).  
s u b t r a c t e d  from t h e  i n i t i a l  h i  v a l u e s  g i v e  t h e  c o n t r i b u t i o n  from the  "bare"  
carbon s u r f a c e  (hc) .  
1OOO'C degassed samples and a r e  p r o p o r t i o n a l  t o  t h e  BET s u r f a c e  a r e a s  of t h e  
non-porous carbons.  
where t h e r e  appears  t o  be some s y n e r g e t i c  e f f e c t  involv ing  pore and oxide  s i t e s  
which c o n t r i b u t e s  d i s p o r p o r t i o n a l l y  t o  h i .  T h i s  behaviour  may be explored  by a 
d i f f e r e n t  method i n  which h i  is measured f o r  a s e r i e s  of PVDC carbon samples 
pre-covered wi th  known amounts of water .  The r e s u l t s  of such a s t u d y  a r e  shown i n  
F ig .  15. 
The d a t a  i n d i c a t e  t h a t  t h e r e  a r e  two d i s t i n c t  A: v a l u e s .  
mol-g-' a d s o r p t i o n  AE is  24 kJ-mol-' . 
AH = 1.7 W-mol-' . A t h e  p o i n t  of the  change from t h e  h igh  AE t o  t h e  low AH, t h e  
h i  va lue  i s  28.5 J-g- . 
carbon degassed a t  1000°C. This  va lue  then ,  r e p r e s e n t s  t h e  c o n t r i b u t i o n  from pore 

These q u a n t i t i e s  when 

N a t u r a l l y ,  t h e s e  l a t t e r  a r e  very c l o s e  t o  t h e  h i  of  t h e  

This  s imple a n a l y s i s  cannot  be a p p l i e d  t o  t h e  porous  carbon 

The s lope  of t h e  curve is  t h e  n e t  molar  en tha lpy  of a d s o r p t i o n  (AE). 
Up to about  0 .6  

F u r t h e r  a d s o r p t i o n  proceeds w i t h  

f This  f i g u r e  is  very c l o s e  t o  t h e  h i  ob ta ined  wi th  PVDC 
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f i l l i n g  and h e n  i t  is s u b t r a c t e d  from !he i n i t i o 1  h i  produces t h e  c o n t r i b u t i o n  
f o r  water-oxide i n t e r a c t i o n s  (21 .7  J-g- ). 
i n t e r a c t i o n  of water  p r mole of o x i d e  si te f o r  PVDC carbon may now be computed as 
21.7/1.65 15 J-mole- . T h i s  l a r g e r  v a l u e  must r e f l e c t  t h e  s y n e r g e t i c  e f f e c t  
r e e e r r e d  t o  e a r l i e r .  

A v a l u e  for  t h e  energy of 

f 

The prpceeding  a n a l y s + s  p u r p o r t s  t o  show t h a t  it is p o s s i b l e  t o  o b t a i n  from 
a p p r o p r i a t e  exper iments  t h e  c o n t r i b u t i o n  t o t h e o v e r a l l  i n t e r a c t i o n  from oxide  
s i t e s ,  bare  open carbon s u r f a c e  and pore f i l l i n g .  
done b e f o r e  t h e  v a l i d i t y  of such an a n a l y s i s  can be e s t a b l i s h e d .  

Obviously much more work must be 

The d r a m a t i c  changes i n  water  vapour a d s o r p t i o n  which can r e s u l t  from the  
p r e s e n c e  of s u r f a c e  o x i d e s  is  i l l u s t r a t e d  i n  F ig .  16. The f i g u r e  shows t h e  
i so therms obta ined  a f t e r  e v a c u a t i o n  a t  40'C of carbon c l o t h  which had been 
p r o g r e s s i v e l y  o x i d i z e d  in 6n H N h .  
s igmoid (Type V) i so therm.  The oxid ized  samples ,  on t h e  o t h e r  hand, show Type I 
o r  Langmuir behaviour .  a l s o  i n c r e a s e  g r e a t l y  on o x i d a t i o n .  
A f t e r  evacuat ion  a t  400'6, when much of t h e  oxide  h a s  been d e s t r o y e d ,  t h e  water  
vapour  i so therms a r e  a l l  Type V. 

The "as rece ived"  m a t e r i a l  produces a t y p i c a l  

Values  of h i  and Ai 

I f  t ime p e r m i t s  a p p l i c a t i o n  of i m e r s i o n a l  e n t h a l p y  measurement t o  complex s o l i d s  
such as c o a l  w i l l  be examined. 
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Flci./&Absolule water isotherms at 2S°C on the rollowing air-activated carbons: 0. as received: 0 .  
Ox-HNO,-Z: A, Ox-HNll-3: m, O X - H N O , ~ ;  0, Ox-HNO,-6; A, Ox-HNO3-12; 0, Ox-HN03-16. 
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